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ABSTRACT
In recent years, much data and experience concerning the degradation of SG tubes accumulated. Because of

regular full length inspection of all active tubes in steam generators, a huge amount of inspection records is now
available. A computerized database was developed by Reactor Engineering division to accelerate the management of
about 100.000 records. Initially, the data base was designed to support the development and decisions related to the
plugging criteria for damaged tubes.

In this paper, two prevailing groups of data are statistically analyzed: (1) the axial cracks in expansion transitions
and (2) ODSCC at tube support plates. Both of them caused a vast majority of repaired tubes (e.g., plugs and sleeves).
The main results of die analysis include the trends in number of defects, distribution of defect sizes, defect progression
(growth) and expected life of a detected defect.

Based on the results of statistical analysis, some predictions are given concerning the remaining lifetime of the
steam generators. Those predictions may contribute to the optimum performance of the plant until the replacement of
steam generators.

1 INTRODUCTION

In recent years, the degradation mechanisms encountered in steam generator (SG) tubes made
of Inconel-600 triggered large inspections efforts in nuclear power plants (NPP) worldwide [1]. KrSko
NPP practices full length inspection of all tubes by standard bobbin coil since 1987. In addition, all
expansion transitions are inspected by motorized rotating pancake coil (MRPC) since 1992.

More than 100.000 records of inspection results accumulated in nearly 11 effective full power
years (EFPY) of steam generator operation. A computerized data base was developed by Reactor
engineering division of "J.Stefan" Institute to support (he maintenance of steam generators. This data
base was also used for the analysis presented in this paper.

The major degradation mechanisms that caused the repair of lubes are comparatively shown in
Figure 1. More than 75% of tubes repaired during die entire lifetime of the steam generators and more
than 95% of repairs during the 1996 outage are attributed to only two degradation mechanisms:
• axial stress corrosion cracking at (lie expansion transitions at the top of the tube sheet (TTS) and

outside diameter stress corrosion cracking (ODSCC) at the tube support plate (TSP)
intersections.

It is therefore assumed that those two mechanisms govern the remaining life of the steam generators.
Oilier degradation mechanisms are expected to cause a negligible number of repaired tubes before the
replacement of steam generators that is tentatively scheduled for 2000. However, other degradation
mechanisms used to be important cause of tube repair resulting in about 15% (SG #1) and 25% (SG
#2) of the currently repaired lubes.

The main goal of this paper is to predict the trends of the degradation until the replacement of
steam generators. Both prevailing degradation mechanisms were analyzed statistically to achieve this
goal. Selected results are presented in this paper.
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Figure 1 Types of defects causing repair of tubes

2 AXIAL CRACKS IN EXPANSION TRANSITIONS

Axial cracks in expansion transitions are caused mainly by joint effects of high residual stresses
and chemical influence by cither primary/secondary coolant or deposits in crevices, especially between
sludge on the top of the tube sheet and tubes. Since 1992, a routine measurement of crack lengths is
performed in Krs"ko nuclear power plant (NPP) to verify the structural integrity of cracked tubes. A
criterion for the repair of degraded tubes is based on the allowable length of an axial crack.

Data on crack lengths has been effectively obtained through three different procedures:
• special revaluation of MRPC records obtained during outages 1986, 87, 88 and 89. Crack

lengths were reported with resolution of 0.1 mm ([2] and references therein).
routine inspection of 5% of tubes in 1990 and 100% of tubes in 1992 and 1993. Crack lengths
were measured manually and reported with resolution of 1 mm ([3] and references therein).

• routine inspection of 100% of tubes in 1994, 95 and 96. Crack lengths were measured
automatically and reported with resolution of 1 mm.
The group of data obtained in 1994, 95 and 96 is the most homogenous group available and is

analyzed in some detail below. Data from other inspections ([2], [3]) is only used for illustrative
purposes.

2.1 History of detected defects

The effect of a 100% inspection is clearly shown in Figure 2. The 100% inspection started in
1992 and revealed a rather high number of tubes with cracks as compared with the population known
from previous inspections. Since 1992, a stable and moderate increase in the number of known cracks
is observed (see also Table 1).
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Figure 2 Newly detected defects compared to old ones

In 1992, a defect specific repair criterion was introduced for this type of cracks. It is based on
the measured-crack length and allows operation wilh axial cracks shorter than 6.4 mm. Because of that,
the population of "old" cracks essentially dominates the population of all cracks since 1993. In addition,
the vast majority of repaired cracks are old cracks, whereas the new (first lime detected and measured)
cracks hardly exceed the allowable length at the time of first measurement.

It can be concluded that currently implemented inspection methods (MRPC) reliably detect and
measure the cracks that are much shorter than the longest allowable crack of 6.4 mm. TTS population
of cracks measured in 1996 already survived about 3.2 inspections in average. The oldest known crack
still in operation was measured to be 1 mm long in 1996 and did not grow since it was first time
detected in 1987 (SGI R33 C82).

2.2 Measured crack lengths

Selected statistical parameters of measured crack lengths are given in Table 1. A moderate
increase in number of cracked tubes during recent years is observed. It is shown that average measured

Table 1 Selected statistical parameters of measured crack lengths (SG #1 & SG #2)

Inspection

Year

1996

1995

1994

1993

1992

Cumulative
EFPY

10.86

9.94

9.39

8.45

7.75

#of
cracked
tubes

513

488

465

413

427

Measured [mm]

iuia*

0.

0.

0.

0.

0.

max

8.

11.

10.

8.

11.

average

2.92

2.39

2.55

3.23

3.48

standard
deviation

1.62

1.49

1.62

1.79

1.80

Sum of
crack

lenghts
[mm]

1500.

1167.

1187.

1336.

1484.

476

Resolution of measurement method causes that all cracks shorter than 0.5 mm appear wilh length O.mm
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crack length is below 3 mm for the last three inspections. Maximum of observed crack lengths are
recorded to be in the range 8-11 mm. It should be however noted that only about 5% of cracks exceed
5 mm in length.

Occasionally, more than one crack per tube is detected. The statistics in Table 1 is based on the
longest crack per tube. In the average, about 60% of cr?cked tubes contain only one crack, about 25%
two cracks, and 10% three cracks. More than three cracks are delected in less than 5% of cracked
tubes.

2.3 Recorded propagation of cracks

Table 2 shows selected statistical parameters on crack growth between consecutive inspections.
The number of available data points increases over years. Accumulated data confirmed conservativily

. of existing predictions concerning crack growth ([2] and [3]). The observed crack growth is however
very sensitive to the inspection technique employed. A good example is inspection transient in 1994:
improvement in the sizing capability effectively caused that cracks shortened in average for about 0.19
mm (1993/94).

In other inspection periods, the negative growth is observed in more than 10% of all recorded
crack growths (Table 2). This is caused by the random measurement error estimated to be in the range
± 3 mm for the period before 1995 and about ± 1.5 mm for measurements 1995/1996.

The period 1995/96 is considered representative for future behavior of cracks. In this period,
only about 4% of cracks propagated more than 2 mm and less than 1% grew more than 3 mm. Only
one crack (0.21% of all cracks with recorded growth) grew 6 mm.

Table 2 Selected statistical parameters of observed crack growth (SG #1 & SG #2)

Inspection

Period

1995/96

1994/95

1993/94

1992/93

Relative
EFPY

0.92

0.55

0.94

0.70

#of
recorded
growths*

403(460)

315(419)

204(327)

243(319)

Measured |uim]

inin

-2.

-3.

-4.

-4.

max

6.

3.

.6.

6.

average

0.64

0.09

-0.19

0.28

standard
deviation

1.10

0.93

1.15

0.91

Sum of all
growths

[mm]

295.

38.

-63.

91.

* cracks with recorded positive growth (all cracks with recorded growth)

3 ODSCC AT TUBE SUPPORT PLATES

Outside diameter stress corrosion cracking (ODSCC) at tube support plates (TSP) is caused by
aggressive sediments that concentrate in the crevice between lube and tube support plate. The
mechanism is typical for the hot leg side of steam generator tubing. As shown in Figure 3, most of the
defects are detected at TSP #5.The second most affected is TSP #7, followed by TSP #3. The
enumeration of TSP's is consistent with (he Kr§ko enumeration scheme with TSP #11 being the
uppermost TSP. Current sleeving technologies are applicable only to defects at TSP #3 and TSP #5,
which could limit the applicability of sleeving in future maintenance actions.

Another conclusion that can be drawn from Figure 3 is that the frequency of the defects at
different support plates is relatively stable over time. Thus, it is expected that defects at TSP #5 will
dominate the defect population until the end of the steam generator life.

More than one defect can be detected in a single lube as each tube passes all seven TSPs on the
hot leg side. The fraction of lubes with more than one defect is increasing in recent years, as shown in
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Figure 4. In 1995, about 80% of lubes with delected TSP defects were only affected at a single TSP
intersection.
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New in 1995
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Figure 3 Frequency of defects at different support plates (TSP)
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Figure 4 Number of TSP defects per tube (SG I & SG 2)
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3.1 Defect sizes

At least two different representations of the defect sizes for ODSCC at TSP are currently in use.
In the traditional manner the defect is characterized by its depth in % of the wall thickness. An alternate
approach defines the defect size using the amplitude of the bobbin coil signal in volts [5]. Both
characterizations are available in our data base and are compared in Figure 5.

TSP defects in 1995
SG 1 & SG 2

0 , 20 : ; '; 40 60 80 100

•': : Defect depth'[% through wall] '

Figure 5 Comparison of different sizing approaches for TSP defects

Three main conclusions follow from Figure 5:
the defect sizes in bobbin coil voltage are essentially limited below 1.5 V
correlation between both measures of defect sizes is rather poor and
distribution of defect depths in % of tube wall is approximately constant in the range 30 to 90%.

4 FUTURE BEHAVIOR OF SG

The prediction of the future tube repair rales is based on the Wcibull distribution. Thus, it is
assumed that the fraction of failed lubes is distributed in time (EFPY) according to Weibull distribution.
Such approach is well known in literature (e.g., [4]) and allows for variable failure rates during the
useful lifetime of the steam generator. In fact, the failure rate is increasing for both steam generators
and degradation mechanisms analyzed.

The parameters of the Weibull distribution are obtained from the field data by the standard fitting
procedure "minimum least squares". Further details on the method are given elsewhere [4].

The essential conditions for selecting appropriate field data arc as follows:
« each degradation mechanism encountered should be analyzed separately. For this paper, defects

at TTS and TSP were considered separately. The results were then summed up and presented
in Figure 6 and Figure 7.

• the inspection methods implemented in the field should be consistent during the observed period;
• the definition of plugging criterion should not vary during the observed period.

For KrSko steam generators, the inspection results obtained for TTS and TSP defects since 1992
are considered to satisfy those conditions reasonably. It should be noted here that the results presented
hereafter can change significantly due to the future inspection results.
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Tubes repaired due to other degradation mechanism arc accounted for in the analysis in ik*
following way. The amount of tubes already repaired due to other causes is shown in Figure 1 TV
amount was assumed independent of time and added as a constant fraction of repaired tubes in Fi»u
6 and Figure 7 (denoted by Other causes of repair). Further, future contribution of other causes to th»
repaired tubes was assumed negligible.

Figure 6 and Figure 7 depict the development of fractions of repaired lubes as a function of
effective full power years of SG operation. The points labeled with inspection years represent th
fraction of repaired tubes (plugged and sleeved) as obtained in the field. The light solid line represents
the (cumulative) Weibull distribution fitted to these points (92 to 96 only!). The bold solid line
represents the fraction of
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tubes plugged. Thus, the
vertical difference between
the light and bold solid lines
simply shows the amount of
tubes unplugged or sleeved
(1993 and 1996 for SG 1
and 1996 for SG2). The
repair rate is dominated by
the defects at TSP.

A shadowed region in
the upper part of both
figures represents the region
where reduced power
operalion of the plant is
required. The plant is
namely licenced for full
power operation with 18%
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encountered in field allow
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SG 1 and 15.5%forSG2.

The prediction of the
future repair rate in both
steam generators is based on
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repaired tubes at 13-13.5
EFPY. The last inspection of
steam generators is tentatively
scheduled for 13.2 EFPY.
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most probably cleared by the
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Recalling Figure 5,
efforts aiming at setting an
alternate plugging criterion
(e.g., [5]) of about I.5V for
TSP defects could provide Figure 7
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sufficient reduction in plugging rate without new sleeving. This is further supported by the limits of the
sleeving processes available: (a) only defects at TSP U 3 and #5 can be repaired by sleeving (Figure
3) and (b) difficulties with more than one defect per tube.

5 CONCLUSIONS

The degradation mechanisms that cause most of repaired tubes arc statistically analyzed in this
paper. These degradation mechanisms are axial stress corrosion cracking in expansion transitions (TTS)
and outside diameter stress corrosion cracking at tube support plates (TSP). Other degradation
mechanisms are considered to have negligible influence on the remaining life of steam generators.

The future repair rates were predicted using Weibull distribution. It is estimated that the full
power of the plant can be maintained to about 13.2 EFPY (1999). Minor sleeving campaign or
relaxation in repair criteria may allow to extend the full power to about 15 EFPY (2001).

Close monitoring of the development of outside diameter stress corrosion cracking at tube
support plates is recommended because of two reasons: (1) this mechanism dominates the repair rate
and (2) it tends to develop more than one defect per lube. In addition, many defects are expected to
develop at the tube support plates that are out of the reach of current sleeving technologies.
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